INTRODUCTION {#sec0005}
============

Parkinson's disease (PD) is believed to be a multifactorial disease caused by a complex interaction of environmental factors against a predisposed genetic background \[[@ref001]\]. Although defining pathological features of PD are loss of dopaminergic neurons in the substantia nigra accompanied by accumulation of *α*-synuclein, current pathophysiological conceptions suggest a multi-system model of the disease. The multi-system involvement is not only present at the organ but also at cellular and diverse sub-cellular molecular levels. A current popular paradigm to explain disease progression is trans-synaptic propagation of *α*-synuclein.

Emerging evidence from the field of Alzheimer's disease (AD) research implicates sleep quality as an important factor underlying risk and disease progression in this disorder \[[@ref002]\]. There is also evidence that the presence of sleep disturbances may increase the risk of developing PD. For example, a large population-based retrospective cohort study in over 91,000 Taiwanese patients with non-apnea sleep disorders and without evidence of pre-existing PD found that the presence of sleep disorders was an independent risk factor for incident PD compared to matched control subjects without reported sleep disorders \[[@ref004]\]. Notably, subgroup analysis showed that patients with chronic insomnia (lasting more than 3 months) were at greatest risk. A longitudinal study of nurse shift workers also point to increased risk of PD compared to nurses without night shift jobs \[[@ref005]\]. Prodromal presence of REM sleep behavior disorder (RBD) is associated with a more severe motor and non-motor PD subtype implying a significant disease-modifying effect of this parasomnia \[[@ref006]\]. A disease-modifying effect may explain why sleep disturbances are more common in the motor symptomatic stage of PD and further increase with greater severity of disease \[[@ref008]\]. Although some of causes of disturbed sleep could be due to other PD-related symptoms, such as nocturia, it is clear from these observations that abnormal sleep is intricately connected to mechanisms of risk, prodromal manifestations and symptomatic disease progression in PD. The purpose of this 'hot topic' review is to explore associations between disturbed sleep and PD, and discuss whether sleep disturbance may be an early symptomatic manifestation of prodromal PD or could act as an important disease-modifying factor in those susceptible to developing PD because of genetic, environmental or other etiologies. PubMed literature search was focused on sleep and PD pathophysiology *α*-synuclein, amyloid-*β*, tau, inflammation, disease progression and risk factors.

THE PHYSIOLOGICAL BASIS OF SLEEP: SLEEP NEUROBIOLOGY AND NEUROPHYSIOLOGY {#sec0010}
========================================================================

In humans, as in most mammals, three vigilance states characterized by differences in electro-encephalogram (EEG), electromyogram (EMG), and electro-oculogram (EOG) recordings exist. Different neurochemical mechanisms acting in fine balance are responsible for the transition between the three vigilance states across the 24 hour day.

\(i\) **Waking state** typified by high-frequency (40-- 300 Hz), low-amplitude desynchronized EEG activity, sustained EMG24-hourty and ocular movements on EOG.

\(ii\) **Non-REM (NREM) sleep** (also called slow-wave sleep (SWS)) typified by low-frequency (0.5-- 4 Hz), high-amplitude delta oscillations on the EEG, low EMG muscular activity and no ocular movement. NREM sleep is currently subdivided into three stages according to the American Academy of Sleep Medicine scoring rules, defined mainly on the EEG. The EEG pattern in NREM sleep is described as synchronous, with characteristic wave forms such as sleep spindles, K-complexes and high-voltage slow waves. NREM stages 1 to 3 represent a depth-of-sleep continuum where the arousal threshold is generally lowest in stage 1 and highest in stage 3 sleep. NREM sleep is a stage of minimal energy expenditure and motor activity.

\(iii\) **REM sleep** (also called paradoxical sleep (PS) typified by predominant theta (6-- 9 Hz) and gamma (30-- 300 Hz) rhythms similar to waking state EEG, but with complete disappearance of postural muscle tone and occurrence of REMs and muscle twitches. Conversely to NREM sleep, REM sleep is defined by rapid desynchronixed, low amplitude EEG activity, muscle atonia and episodic bursts of REM's. Usually, REM sleep is not divided into stages although for research purposes can be divided into tonic and phasic components. REM sleep incurs high energy expenditure and motor activity, due to loss of posture control, and highly unstable autonomic activity.

During **wakefulness,** multiple neurotransmitter systems, some of which belong to the ascending reticular activating system control wakefulness and arousal through projections to the thalamus and/or neocortex. These include serotonergic systems neurons (dorsal raphe nucleus), noradrenergic neurons (locus ceruleus), cholinergic neurons (in the pontine brainstem and basal forebrain), histaminergic neurons (tuberomamillary nucleus), and the orexin (hypocretin) system in the hypothalamus \[[@ref010]\]. During sleep wakefulness systems are progressively inhibited, likely through the effects of *γ*-aminobutyric acid (GABA) leading to non-REM sleep. The balance between wakefulness and SWS is due to reciprocal inhibitory projections between GABA neurons in the forebrain preoptic nucleus and a number of waking arousal systems.

**Non-REM sleep** is driven by slow-wave sleep-promoting neurons in forebrain preoptic sleep center, in particular the median preoptic nucleus (MnPn) and the ventrolateral preoptic nucleus (VLPO). Tract studies suggest that the VLPO and MnPn neurons are reciprocally connected with the above wake-active neurons. This led to the current hypothesis that during wakefulness VLPO/MnPn GABAergic neurons are inhibited by multiple noradrenergic and cholinergic arousal circuits. At sleep onset, these neurons start to fire in response to unidentified excitatory inputs, as well as homeostatic (adeonosine and serotonin) and circadian drives through suprachiasmatic input, causing sleep onset and maintaining slow wave sleep \[[@ref010]\].

**REM sleep** (also called paradoxical sleep) is caused by the activation of glutamatergic neurons localized in rats to the sublaterodorsal tegmental nucleus (SLD) of the pontine brainstem \[[@ref011]\]. In humans, the corresponding areas are likely to be the subceruleus nucleus and magnocellularis nucleus in the brainstem. Disinhibited ascending glutamatergic neurons generate cortical activation via projections to thalamic relay neurons. Descending glutamatergic neurons induce the muscle atonia seen in REM sleep by excitatory projections to GABA and glycinergic pre-motoneurons located in the medulla. The onset of paradoxical REM sleep is controlled by the activation of GABA and melanin-concentrating hormone neurons in the lateral hypothalamus, removing the tonic inhibition of the glutamatergic SLD neurons during wakefulness and slow wave sleep.

AGING, SLEEP PATTERN, AND SLEEP STAGES {#sec0015}
======================================

General statements about sleep can only be made regarding sleep in the normal young adult without sleep complaints, living on a conventional sleep-wake cycle. This is because in elderly people, there is a profound increase in inter-individual sleep variability that precludes any generalizations other than those in young adults \[[@ref012]\]. Aging is accompanied by a reduction in sleep quality and quantity, with a progressive reduction in sleep slow wave activity from the age of thirty years. Increasing evidence suggests that slow wave activity reflects synaptic density or the strength of cortical synapses, and reduced SWS in the elderly is associated with grey matter medial prefrontal atrophy as well as an age-related decline in memory performance. With aging, time spent in bed reduces due to earlier wake-up times compared to younger adults. The circadian rhythm change with increasing age is characterized by a phase advance of around 1 hour, with earlier bed times and wake up times. Aging is also associated with a weakening of circadian regulation, with the elderly having reduced 24 hour melatonin secretion and circadian modulation of REM sleep.

The normal young human adult enters sleep through non-REM sleep. REM sleep does not occur until 80 minutes or longer following; and non REM sleep and REM sleep alternate throughout the night with an approximate 90 minute cycle \[[@ref012]\]. In young adults, slow wave sleep dominates the non-REM portion of the first one-third of the night, while REM sleep episodes are longest in the last one-third of the night. Brief episodes of wakefulness occur later in the night, usually near REM sleep transitions, but are usually too brief to be remembered in the morning. The preferential delineation of REM sleep in the later portion of the night is likely linked to the circadian oscillator, gauged by the oscillation of body temperature. Slow wave sleep, on the other hand, is not mediated by circadian processes but by sleep timing and previous wake duration.

In general non REM sleep constitutes around 75-- 80% of total sleep, while REM sleep is usually 20-- 25% of sleep occurring in four to six discrete episodes during the night. During sleep, an individual may switch back and forth from non REM to REM sleep, with occasional transitions to periods of wakefulness. The characteristic EEG pattern in non REM sleep is described as synchronous, with characteristic wave forms including sleep spindles, K-complexes and high-voltage slow waves.

Non-REM sleep is divided into three stages according to the American Academy of Sleep Medicine scoring rules, defined mainly on the EEG. Non-REM stages 1 to 3 represent a depth of sleep continuum, where the arousal threshold is generally lowest in stage 1 and highest in stage 3 sleep. There are strong associations between non-REM sleep and memory consolidation processes. Non-REM sleep is a state of minimal energy expenditure and motor activity during which cardiorespiratory and thermoregulatory variables are driven by the autonomic nervous system and a lower and more stable level compared to wakefulness.

During REM sleep in contrast, posture control is lost, autonomic activity is highly unstable with centrally driven surges in heart rate and blood pressure, breathing is irregular and thermoregulation is suspended. REM sleep is defined by rapid desynchronized, low amplitude EEG activity, muscle atonia and episodic bursts of rapid eye movements.

The link between sleep and body temperature regulation and corresponding energy expenditure is well recognized. The most favorable moment of the day for sleep is the rest period when the circadian system drives a reduction in core body temperature and energy expenditure. The rest period is also when the human or animal is least likely to actively interact with its external environment. Overall, body energy expenditure decreases during sleep. Brain energy metabolism measured using brain glucose utilization or oxygen uptake imaging techniques, progressively decreases during successive non REM sleep stages. In contrast, during REM sleep brain energy metabolism increases to levels similar or even in excess of wakefulness.

SLEEP-WAKE DISTURBANCE IN PD: MULTIFACTORIAL ETIOLOGIES {#sec0020}
=======================================================

Sleep-wake disturbance is particularly common in PD occurring in up to 75-- 80% of patients over the course of disease \[[@ref009]\]. Sleep problems are among the most distressing non-motor symptoms of the disease, impacting the quality of life of patients and caregivers \[[@ref014]\]. In the largest survey of non-motor symptoms of PD, 64% of newly diagnosed patients reported sleep problems making it the second most common non-motor complaint \[[@ref015]\]. The most common problems are sleep fragmentation, sleep-related breathing disorders, restless legs/periodic leg movements, RBD, nocturnal hallucinations and altered sleep-wake cycle \[[@ref016]\]. Sleep efficiency, which is the percentage of time spent asleep in bed is reduced in PD. PD patients also experience sleep attacks and excessive daytime sleepiness \[[@ref017]\]. Lastly, patients with PD also experience both primary insomnia and secondary insomnia commonly due to depression, or nocturnal worsening of motoric/non-motor symptoms including nocturia, tremor, nocturnal akinesia, and spasms.

Subjective and objective measures of sleep often show contradictory findings. In particular middle-aged and older adults with insomnia tend to overestimate their lack of sleep, and consistently report shorter sleep durations than those measured with actigraphy \[[@ref018]\]. Few studies have compared subjective and objective measures of sleep in patients with chronic disease. Actigraphy has emerged as an objective means of measuring sleep in PD, including sleep quality \[[@ref019]\]. Actigraphically-defined sleep disturbance in PD has been shown to be associated with differential aspects of cognitive functioning \[[@ref020]\]. Rather than a global pattern of cognitive dysfunction, reduced sleep efficiency in PD versus control subjects was significantly associated with working memory and verbal memory consolidation, while verbal fluency and attentional set-shifting ability was spared.

Few polysomnography (PSG) studies have been performed in PD. A study of 30 newly diagnosed PD subjects versus 15 age/gender matched controls admitted for 2 consecutive nights of PSG recording found PD patients exhibited increased sleep latency (time to sleep onset), reduced sleep efficiency, increased non-REM stage I sleep, and reduced REM sleep \[[@ref021]\]. Two PD patients exhibited no REM sleep whatsoever, and aspects of sleep architecture were similarly affected in patients with and without obstructive sleep apnea. PD patients also showed a sustained elevation in serum cortisol levels and reduced circulating melatonin levels. Eight out of 30 PD patients (27%) had polysomnographic evidence of RBD. Other PSG studies have confirmed RBD in 46% of 457 PD cases with subjective sleep complaints and average disease duration of 7.5 years \[[@ref022]\]. Similar findings have been shown in early, untreated PD \[[@ref023]\], with progressive 'destructuring of sleep architecture' found in patients with more advanced PD \[[@ref008]\].

REM SLEEP BEHAVIOR DISORDER AND DISEASE MODIFICATION IN PD {#sec0025}
==========================================================

Impairments of neural circuit switching and imbalance between the inhibitory and excitatory neuronal populations described above are likely responsible for episodic sleep disturbances, in particular found in RBD \[[@ref024]\]. This might occur through malfunction of a putative 'flip-flop' switch for REM control, or through a breakdown of the underlying REM sleep circuitry \[[@ref024]\]. The majority of idiopathic RBD cases will eventually be diagnosed with PD, dementia with Lewy bodies (DLB) or multiple system atrophy (MSA), with clinicopathological correlations in 172 RBD cases showing that the vast majority has a *α*-synucleinopathy \[[@ref026]\]. RBD is common among the *α*-synucleinopathy disorders of PD, DLB and MSA probably because in these diseases cell loss is common within neuronal structures regulating REM sleep atonia, namely the subceruleus nucleus and magnocellularis nucleus in the brainstem, and the amygdala, which is linked to the emotional content of dreams.

RBD is characterized by dream-enacting behaviors and nightmares linked to REM sleep without muscle atonia. RBD can be classified into an idiopathic form (iRBD) and a secondary form, which occurs in patients already diagnosed with PD (25-- 58% of cases), DLB (70-- 80%), MSA (90-- 100%), autoimmune disease (e.g., narcoplepsy, paraneoplastic syndromes, limbic encephalitis, IgLON5 parasomnia, multiple sclerosis) and focal brainstem lesions (e.g., tumor, stroke, demyelinating plaques). The use of some medications (e.g., antidepressants and *β*-adrenergic blockers) can also trigger RBD.

Other than *α*-synucleinopathies, RBD has also been described in small series of other neurodegenerative disorders including progressive supranuclear palsy and Machado-Joseph disease, but is rare in AD, Huntington's disease, amyotrophic lateral sclerosis, corticobasal degeneration and frontotemporal dementias. In these disorders, combined brainstem and limbic neuronal damage is rare. RBD is also rare among tauopathies, amyloidopathies and ubiquitinopathies, thereby representing the archetypal synuclein disorder.

As over 80% of idiopathic RBD patients will eventually develop an *α*-synuclein disorder, the dichotomy between idiopathic RBD and secondary RBD could be seen as a false one, as both disorders might represent different ends of the clinicopathological disease continuum. Careful phenotyping of large iRBD cohorts demonstrates these individuals already have a virtually identical non-motor phenotype as those with early PD, with similar rates of depression, anxiety, apathy, cognitive impairment, and postural hypotension \[[@ref007]\]. Motor deficits in idiopathic RBD at a group level are already sufficient to distinguish them from age and gender-matched control subjects using standard rating scales or digital motor testing, however the degree of motor impairment is not yet as severe as that encountered in established early PD patients \[[@ref028]\].

To date the largest ever study of 1,280 polysomnographically-diagnosed iRBD subjects from 24 international RBD Study Group sleep centers, found an overall conversion rate from iRBD to an overt neurodegenerative syndrome of 6.3% per year, with 73.5% converting after 12-year follow up. The rate of conversion was significantly increased with abnormal quantitative motor testing (HR-3.16), objective motor examination (HR = 2.13), motor symptoms (HR = 2.11), an abnormal dopamine nerve terminal scan (HR = 1.98), color vision abnormalities (HR = 1.69), constipation (HR = 1.67), REM atonia loss (HR = 1.54) and age (HR = 1.54) \[[@ref029]\].

Interestingly, both video-PSG analysis and bed partner's reports demonstrate alleviation of parkinsonism during complex RBD episodes; movements seen during RBD episodes were faster, stronger and smoother than movements made while the PD patient was awake. Similarly, speech during RBD episodes was better articulated and louder than during wakefulness, implying restoration of normal muscle control and movement in PD during REM sleep \[[@ref030]\].

An 'RBD-PD phenotype' has been described in some studies, where patients have more symmetric, akinetic-rigid dominant motor disease, older age, male gender, increased falls, autonomic dysfunction, excessive daytime somnolence, visual hallucinations and increased risk of developing future dementia \[[@ref031]\]. A longitudinal study of 61 PD patients with and without PSG-determined RBD at baseline found that by 4 years, 48% of PD patients with RBD had developed dementia, compared to 0% without \[[@ref006]\]. This suggests that the presence of RBD in PD is related to widespread neuropathological changes in the brain. Our group have used data-driven approaches to delineate PD subtypes in \>2,500 early patients, finding the most severe subtype was delineated by severe baseline motor disease, poor psychological well being and poor sleep including worse RBD on screening questionnaires \[[@ref032]\].

SLEEP APNEA AND INCIDENT PD: INTERMITTENT HYPO-OXYGENATION AND INFLAMMATORY MECHANISMS {#sec0030}
======================================================================================

Sleep apnea is characterized by repeated periods of hypoxia and reoxygenation during sleep. Sleep apnea may have central, obstructive/peripheral or mixed causes. It has been hypothesized that sleep apnea-induced chronic intermittent hypoxia may increase oxidative stress and inflammation \[[@ref033]\], which may contribute to the pathophysiology of PD \[[@ref034]\]. A recent 3-year nationwide retrospective population-based study of 1,944 Taiwanese patients with sleep apnea and 9,720 matched control subjects showed a higher risk of incident PD diagnosis (0.9%) in the apneic patients compared to 0.4% in the controls \[[@ref035]\]. The risk of PD remained significant after adjustments for potential confounders, including sex, age, hypertension, lung disease, head injury, rural vs. urban living, geographic region, income, diabetes, hypertension and hyperlipidemia. After age and sex stratification, PD development was independently associated with sleep apnea only in men (adjusted hazard ratio 2.26; 95% CI 1.11-- 4.63) and in patients aged 60 years and over (adjusted hazard ratio 0.93; 95% CI 1.01-- 3.71). In contrast, women did not exhibit a significantly increased risk of PD in the sleep apnea cohort compared to those in the non-apnea cohort during the 3-year follow-up period. Whether sleep is an independent risk factor for PD or merely an early symptom during the prodromal phase of PD remains unclear \[[@ref035]\].

Sleep apnea-associated intermittent brain hypo-oxygenation and inflammation may potentially accelerate the degenerative process in already vulnerable or affected nigral dopaminergic neurons. As such the presence of sleep apnea may exacerbate or accelerate the clinical manifestation of prodromal PD rather than a primary triggering event. Furthermore, the high prevalence of sleep apnea in the general population widely exceeds the prevalence of PD suggesting the presence of either prodromal PD or other PD-specific susceptibility or vulnerability factors in at risk patients. Women, at least at pre-menopausal age, have higher binding levels of nigostriatal nerve terminals compared to males \[[@ref036]\]. Given the prominent age-associated declines of striatal dopamine transporters in both genders \[[@ref037]\], the extra dopaminergic buffer may provide a delayed phase protection in women compared to men. It is clear, however, that age-associated losses in nigrostriatal nerve terminals and longer duration of untreated apnea may explain why older age is an important risk factor for incident PD in patients with sleep apnea. Sleep apnea is also associated with substantial cardiovascular morbidity. Therefore, it is possible that at least some of the sleep apnea patients with incident motor parkinsonism may have vascular parkinsonism rather than idiopathic PD. This notion is supported by postmortem data from the Honolulu aging study where the presence of hypo-oxygenation during life was found to be associated with the development of micro-infarcts and brain atrophy but not AD or Lewy body pathology \[[@ref038]\].

Neuroinflammation is now being recognized as playing an important role in neurodegeneration. Recent studies from the AD field have shed further light on this intriguing area of research where inflammation caused by poor sleep is believed to increase amyloid-*β* burden. Furthermore, a bidirectional relationship between sleep and AD is supported by advances in our understanding of sleep disturbance-induced increases in systemic inflammation (for review, see \[[@ref002]\], see also [Fig. 1](#jpd-9-jpd191627-g001){ref-type="fig"}). More specifically, sleep disturbance may lead to increases in systemic inflammation (as measured by proinflammatory cytokines and C-reactive protein), which in turn is hypothesized to 'prime' microglial cells in the brain. Priming of microglia cells will compromise these cells' abilities to clear amyloid-*β*, which in turn may result in more increased production of pro-inflammatory cytokines and local inflammation in the central nervous system (CNS). In other words, initiation of this cycle may result in a forward feedback loop, in which greater increases in local inflammation in the brain results in more priming of activated microglial cells with greater production of AD pathology, including neuronal damage, etc \[[@ref002]\]. Although this theory is attractive and of high relevance for the field of AD, it lacks specificity to explain the increased risk of PD rather than AD unless one assumes the presence of pre-existing individual genetic or other vulnerability to develop PD. The AD model, however, may explain the emergence of AD pathology with disturbed sleep in patients with later stage PD at risk of developing dementia. As expected, genetic predisposition appears to play an important role in systemic and neuroinflammation and risk of neurodegeneration. For example, a recent prospective analysis of the Framingham cohort study found evidence of an interaction between APOE4 status and systemic inflammation that dramatically increases the risk of AD \[[@ref039]\].

![Hypothesized bidirectional changes between the presence of disturbed sleep, risk, and progression of PD. The selected neurodegenerative mechanisms do not follow a pre-specified order and likely overlap.](jpd-9-jpd191627-g001){#jpd-9-jpd191627-g001}

MODIFYING THE ACCUMULATION OF ABNORMAL PROTEINS AND DISTURBED SLEEP: THE GLYMPHATIC SYSTEM {#sec0035}
==========================================================================================

Abnormal build-up of proteins, such as *α*-synuclein, amyloid-*β*, TDP-43, or phosphorylated tau may occur in PD. The 'glymphatic' system is a paravascular pathway that promotes clearance of waste products from the brain \[[@ref040]\]. The glymphatic system has been implicated in clearing soluble species of amyloid-*β* in patients with AD allowing potentially toxic proteins to clear the brain and prevent the build-up of pathological deposits.

Studies in live mice using real-time assessment of tetra methylammonium diffusion and two-photon imaging have shown that natural sleep is associated with a 60% increase in the interstitial space, resulting in increased convective change of cerebrospinal fluid with interstitial fluid. This in turn leads to increased rates of amyloid-*β* clearance during sleep via glymphatic clearance. Thus the restorative function of sleep may be through enhanced removal of potentially neurotoxic waste products that accumulate during wakefulness as a consequence of neural activity across the central nervous system \[[@ref041]\]. Hypothetically, a similar case may be made for soluble phase *α*-synuclein species in the brain but remains unproven at the present time. If true in humans, any future glymphatic clearance or sleep enhancing therapies should be given as early as possible into the course of disease, preferably in the presymptomatic or prodromal phase. Medications such as gamma hydroxybutyrate have been shown to reliably stimulate slow wave sleep in normal subjects and narcoleptic patients. Gamma hydroxybutyrate has also been shown on polysomnography to remarkably increase slow wave sleep and improve insomnia in a patient with fatal familial insomnia \[[@ref042]\]; however, it does not work for primary insomnia patients.

Nonetheless, glymphatic clearance promoting intervention still may be of benefit in the early motor symptomatic phase of PD as *α*-synuclein spreading may extend beyond mesencephalic and limbic regions. Furthermore, subsequent development of dementia in PD is also associated with co-occurring AD pathology. Therefore, sleep or glymphatic clearance enhancing strategies may also lower the build-up of non-*α*-synuclein protein deposits in advancing PD at risk of dementia. Sleep enhancing interventions that promote glymphatic clearance may therefore have the potential to serve important disease-modifying goals in PD.

Aging is an important contributor to the multifactorial etiology of impaired sleep in PD. For example, studies in mice have shown a substantial age-associated decrease in the capacity of the glymphatic clearance system \[[@ref043]\]. Furthermore, another mouse study showed an inverse relationship between EEG delta power and glymphatic clearance \[[@ref044]\]. Aging is associated with reduced EEG delta power \[[@ref045]\]. Therefore, the reliance of glymphatic function on slow wave activity at night illustrates the significant impact of aging on glymphatic clearance. Given the fact that age is a primary risk factor for PD, it is plausible that age-related compromises in sleep quality will not only augment but also may lower the manifesting threshold for those impaired sleep mechanisms specifically related to PD pathophysiology ([Fig. 2](#jpd-9-jpd191627-g002){ref-type="fig"}).

![Aging and medical comorbidities of older age are important contributors to impaired sleep in PD.](jpd-9-jpd191627-g002){#jpd-9-jpd191627-g002}

MODIFYING THE ACCUMULATION OF ABNORMAL PROTEINS IN ABNORMAL SLEEP: IMPAIRED CELLULAR CLEARANCE {#sec0040}
==============================================================================================

Age-associated decline in cellular functions are due in part to a progressive failure of the chaperoning systems. Protein misfolding, accumulation and aggregation characterize many aging related diseases, which typically occur later in life including AD, PD, type 2 diabetes and fatal familial insomnia. That protein aggregates do not accumulate in unstressed cells is in part due to the existence of cellular 'quality control machinery', of which the endoplasmic reticulum (ER) plays a major role \[[@ref046]\]. Accumulation of misfolded proteins in the ER causes ER stress and activates a signaling pathway called the unfolded protein response (UPR). The UPR limits protein load by up-regulating ER chaperones (e.g., BiP/GRP78) and reducing protein translation through phosphorylation.

Acute sleep deprivation in young mice leads to normal induction of the UPR response. However, studies in aged mice have shown that aging impairs this adaptive response to sleep deprivation. Aged mice do not display an increase in BiP expression with sleep deprivation, and have higher cortical levels of pro-apoptic proteins \[[@ref046]\], leading to cell injury and death. As in humans, elderly healthy mice display fragmented sleep patterns. Given that patients with neurodegenerative disorders such as AD and PD have well documented sleep disorders, it is not unreasonable to speculate that the sleep disturbances place an additional burden on an already stressed protein folding and degradation system, further exacerbating protein aggregation in an accelerating cascade.

Evidence from human studies to support this hypothesis is now starting to emerge. Sleep and circadian problems are very common in AD, with animal studies suggesting a bidirectional relationship between sleep and amyloid-*β*, a key player in AD pathogenesis. Amyloid deposition was assessed with cerebrospinal fluid A*β*~42~ levels in 145 cognitively normal individuals with 2 weeks actigraphy to objectively measure sleep parameters \[[@ref047]\]. Amyloid deposition was present in 32 participants (22.5%) who had worse sleep quality measured by sleep efficiency after correcting for age, sex, and APOE4 carrier status. This study suggests that amyloid deposition in the preclinical stage of AD appears to be associated with poor sleep quality. Amyloid deposition could itself cause sleep-wake fragmentation and reduced sleep efficiency by directly interfering with neuronal function in brain regions key to sleep and wake promotion. Amyloid accumulation could negatively affect sleep behavior, while conversely poor sleep could increase A*β* aggregation in a positive feedback loop \[[@ref047]\].

While there is growing evidence that amyloid-*β* aggregation initiates AD pathogenesis it is tau not A*β* accumulation that appears to drive the neurodegenerative process in AD \[[@ref048]\]. Tau aggregation in the brain of AD, progressive supranuclear palsy and other tauopathies significantly correlates with neuronal and synaptic loss. Once tau aggregation occurs, there is evidence that it can spread from one synaptically connected region to another \[[@ref048]\]. While tau is predominantly cytoplasmic it is normally released by neurons into the extracellular space, with release being increased by excitatory activity. Tau is also likely to be highly relevant to PD pathogenesis, as variants in the microtubule-associated protein tau (MAPT) gene locus remain the second strongest genetic risk factor for PD following *α*-synuclein gene variants \[[@ref049]\]. Furthermore, emerging evidence suggests a link between tau and *α*-synuclein pathology in Lewy body dementia (LBD). Postmortem studies suggest clinically significant AD co-pathology is present in 50% of all cases of LBD, and that these cases are associated with greater overall *α*-synuclein pathology, and faster progression rates to dementia. Emerging work has now found that the topology of neocortical tau pathology in LBD maps most closely to the distribution of *α*-synuclein pathology, and that the severity of tau pathology in LBD correlates strongly with cognitive performance \[[@ref050]\]. Studies in mice and humans aged 30-- 60 years have shown a diurnal fluctuation in tau levels, with increases in dark compared to light conditions. Furthermore, a 50% increase in interstitial fluid (ISF) or cerebrospinal fluid (CSF) tau levels were seen when mice or humans were subjected to sleep deprivation. Interestingly, CSF *α*-synuclein levels in humans showed a similar diurnal variation, and increased during sleep deprivation. Chronic sleep deprivation in a mouse model also increased tau pathology spreading and may have relevance for PD pathophysiology.

CAN DISTURBED SLEEP TRIGGER PD? {#sec0045}
===============================

Current evidence suggests that the mechanistic link between disturbed sleep and neurodegeneration may involve intermittent hypo-oxygenation, inflammatory, or protein homeostatic changes and that the sleep-neurodegeneration relationship is likely bidirectional in nature ([Fig. 1](#jpd-9-jpd191627-g001){ref-type="fig"}). A more rudimentary question is whether disturbed sleep may be able to play a primary function triggering the cascade of upstream events of PD pathophysiology?

The unique intermittent and sometimes very long duration nature of idiopathic RBD prior to the disease-defining motor features of PD raises questions about the nature of this parasomnia and what may trigger PD in this subset of patients. Although the pathophysiology of idiopathic RBD may start in peripheral autonomic nerves and then spread to the locus ceruleus there can be a very long lag time before nigral pars compacta dopaminergic neurons become affected. According to the prevailing Braak hypothesis RBD emerges when *α*-synuclein pathology affect key brainstem areas involved in sleep regulation \[[@ref051]\]. A recent *in vivo* multi-modal neuroinflammatory, cholinergic intestinal, cardiac sympathetic and brain monoaminergic imaging study in patients with idiopathic RBD provide support for the Braak hypothesis \[[@ref052]\]. Findings showed that idiopathic RBD had fully developed pathology in the peripheral autonomic nervous system and the locus ceruleus, equal to that in diagnosed PD. The RBD patients also showed noradrenergic thalamic denervation, but most had normal putaminal dopaminergic storage capacity. This caudo-rostral gradient of dysfunction supports the hypothesis that *α*-synuclein pathology in PD initially targets peripheral autonomic nerves and then spreads rostrally to the brainstem. A limitation of this multi-modal imaging study is that information about sequential pathophysiological events cannot be inferred. Therefore, a key question that remains is whether brainstem *α*-synucleinopathy is an essential primary component of RBD in prodromal PD?.

The gut microbiome seems to influence development and diseases of the enteric and central nervous system, including PD. By leveraging animal models, several different pathways of communication have been identified along the 'gut-brain-axis' including those driven by the immune system, the vagus nerve, or by modulation of neuroactive compounds by the microbiota \[[@ref053]\]. For example, GABA producing vs. consuming gut bacteria may modulate the microbiome. Strandwitz and colleagues studied a rare type of gut bacteria called KLE178 that eat GABA. A different type of bacteria, Bacteroides, produces GABA, keeping the KLE1738 bacteria alive by feeding them \[[@ref054]\]. These findings underscore how different types of bacteria work together in the gut. This is relevant as GABA is a CNS-active chemical and may affect brain functions that could be of relevance for PD pathophysiology.

Clinical and basic neuroscience evidence indicates that RBD results from breakdown of the network underlying REM sleep atonia \[[@ref025]\]. It is also clear that GABA/glutamatergic imbalance in neural brainstem-subcortical circuits can induce RBD-like behaviors in animals. For example, genetic inactivation of glutamate neurons in the rat sublaterodorsal tegmental nucleus display symptoms and behaviors during paradoxical sleep that closely mimic human REM sleep behavior disorder \[[@ref055]\]. If enteric *α*-synucleinopathy and/or change in the gut microbiome may be one of the earliest events in some patients with PD, then the observations of GABA producing/consuming bacteria in the gut \[[@ref054]\], and evidence of vagal nerve mediated GABA-ergic influences on the brain may have the potential to disrupt the delicate GABA/glutamatergic balances of neural sleep circuits resulting in oneiric motor behaviors in the absence of primary brainstem *α*-synucleinopathy. The speculation that very early and more isolated and sporadic RBD behaviors may potentially occur in the absence of *α*-synucleinopathy in brainstem vulnerable cell populations may also explain the very long interval between first occurrence of dream enactment behavior and emergence of prototypical parkinsonian impairment up to 5 decades in a small subset of patients \[[@ref056]\]. Alternatively, it may be possible that naturally occurring *α*-synuclein in the setting of primary ER stress in vulnerable neuronal cell population of RBD sleep circuits start to misfold and subsequently spread caudally, but this remains speculative at the present time. However, the existence of the olfactory/nasal lymphatic route where CSF passes through the cribriform plate along perineural spaces near the olfactory nerves to a lymphatic network at the nasal mucosa, and finally reaches to cervical lymph nodes \[[@ref057]\] raises the possibility that changes in the integrity of nasal mucosal or cervical lymph nodes could be another source for abnormal proteinopathy. For example, a recent study showed that ligation of deep cervical lymph nodes exacerbated AD-like phenotypes of APP/PS1 mice, showing more severe brain A*β* accumulation, neuroinflammation, synaptic protein loss, impaired polarization of aquaporin-4 and deficits in cognitive and exploratory behaviors \[[@ref059]\]. Further research into these speculative and hypothetical mechanisms is important as positive findings may provide novel clues for therapeutic interventions. As neural circuits may predict patterns of *α*-synuclein propagation in the nervous system \[[@ref060]\], impairments of such circuits involved in sleep may be of high relevance for PD pathophysiology.

CONCLUSION {#sec0050}
==========

Emerging evidence suggests that sleep can serve an important disease-modifying role in PD and may be best explained by a bidirectional nature between sleep disturbance and neurodegeneration. Such disease-modifying mechanisms may include activation of inflammatory pathways, impaired nocturnal brain oxygenation, abnormal proteostasis, changes in glymphatic clearance, and altered modulation of specific sleep neural circuits that may prime further propagation of *α*-synucleinopathy in the brain. Epidemiological studies also suggest that disturbed sleep may increase the risk of developing PD. Further research is needed to determine whether sleep may have a more primary disease-triggering function in PD, at least in the setting of genetic or other vulnerabilities. Early management of impaired sleep in at risk persons and symptomatic PD may have the potential to modify the natural history of the disease.
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